Introduction
[2] The Altyn Tagh fault (ATF), the most prominent strike-slip fault in Asia (Figure 1 ), plays a key role in accommodating Indo-Asian continental collision [Molnar and Tapponnier, 1975] . One view is that deformation of the Tibetan Plateau is concentrated on major faults bounding quasi-rigid blocks [Tapponnier et al., 1982] . In this model, left slip on the ATF transfers a significant portion of the convergence between India and Asia into northeastward extrusion of the Tibetan Plateau. An alternative view is that continental lithosphere behaves as a viscous fluid with deformation more broadly distributed [England and McKenzie, 1982; Houseman and England, 1996] . An important aspect of the ATF is the conversion of strike-slip motion on the south side of the fault into thrust faulting and crustal thickening at its eastern terminus [Burchfiel et al., 1989; Yin and Nie, 1996] . This process is believed to result in eastward growth of the northern boundary of the Tibetan Plateau [Meyer et al., 1998 ].
[3] Many thrust faults of the northern Tibetan Plateau (e.g., Qimen Tagh thrust, Figure 1 ) curve from WNW-ESE strike far south of the ATF to nearly E-W orientation close to the fault. An obvious question is whether the present curvature of these thrust faults is an original geometry or instead resulted from oroclinal bending of thrust faults that were originally straight (Figure 2 [Yin and Harrison, 2000; Yue et al., 2001] . The answer to this question has tectonic significance because of the implied concentrated or distributed nature of crustal displacement between the Tarim Basin and the northern Tibetan Plateau. If this displacement is concentrated along the ATF, then piercing point offsets provide a measure of the total displacement between the Tarim Basin and the Tibetan Plateau. If deformation is distributed south of the ATF into the northern Tibetan Plateau, then offset along the ATF is less than the total Tarim Basin-Tibetan Plateau displacement; the additional amount of distributed deformation within the northern Plateau would have to be determined to infer the total displacement between the Tarim Basin and the Tibetan Plateau. We used paleomagnetic declinations observed along an arcuate structure south of Tula to test whether its curvature resulted from oroclinal bending in a drag-fold fashion or instead originally developed as a curved structure (Figures 2 and 3 ).
Geologic Setting
[4] Geologic mapping of the Tula arcuate syncline and surrounding areas indicates that the controlling structures are northeast vergent thrust faults (Figure 3 ) [Robinson et al., 2002] . The structurally higher thrust fault is a basementcored uplift with continental Late Jurassic to Early Tertiary red sedimentary strata in the footwall. The structurally lower fault to the east thrusts these red beds onto Quaternary gravels (Figure 3 ). These red sedimentary rocks constituting the main target of paleomagnetic sampling are deformed into a broad footwall syncline (henceforth referred to as the Tula syncline) that changes strike by $40°f rom WNW-ESE to nearly E-W as it approaches the ATF from the south.
[5] Three main units are described in the red sedimentary strata. The lower unit is thick green conglomerate beds with intercalated red siltstones grading into variegated fine sandstone to mudstone. A Late Jurassic age is assigned to this unit [Guo et al., 1998 ]. The middle unit is mainly fine sandstone with intercalated conglomerate. A Cretaceous age is indicated by stratigraphic correlation [Xinjiang Bureau of Geological and Mineral Resources (XBGRM), 1993] , while trydactil vertebrate tracks found in this unit were used to assign a Paleogene age [Lockley et al., 1999] . Robinson et al. [2002] have confirmed the Cretaceous age by U/Pb dating of an intruding granitic body yielding a minimum age of circa 74 Ma. The conglomerate strata forming the highest unit are assigned a Paleogene age based on fossil assemblages in regionally correlated stratigraphic formations [XBGRM, 1993] .
Paleomagnetic Sampling and Analysis
[6] Sampling was done during two field seasons. An initial ''distributed'' sampling of 64 sites (!8 samples per site with 1 sample per stratigraphic level) was designed to obtain samples from the entire area and from a variety of lithologies within the exposed formations. Results from this sampling indicated which rock types provided the most Figure 1 . Map of eastern Altyn Tagh fault and adjacent regions with tectonostratigraphic terranes (shades of gray), basins, and major faults after Yin and Harrison [2000] . Inset at lower right shows regional location. Most prominent arcuate structures are illustrated. Box labeled ''study area'' is illustrated in reliable paleomagnetic directions and where tectonic rotations were most likely to have occurred. During the second ''intensive'' sampling, 45 sites (!8 samples per site = stratigraphic level) were collected from the western portion of the structure in four sections in the Yaousere Valley (28 sites labeled YA) and two sections in the Kezele Valley (17 sites labeled KZ). Bedding attitudes were measured at each sampling site and were also constrained by the geologic mapping. Plunge of the synclinal axis was less than 6°at all sites except JO26 at the eastern end of the syncline with plunge of 21°. Only for this latter site was a plunge correction applied.
[7] All samples were stored, thermally demagnetized and measured in a magnetically shielded room with average field intensity below 200 nT. Measurements of natural remanent magnetization (NRM) were done using a threeaxis cryogenic magnetometer (2G model 755R). Following initial NRM measurements, samples were thermally demagnetized in 10 to 20 steps from 50 to 700°C with increments as small as 5°C. When vector end points showed a trend toward the origin of orthogonal projection diagrams, principal component analysis of NRM at ! four successive temperature steps was used to determine the characteristic remanent magnetization (ChRM) [Kirschvink, 1980] . ChRM directions with maximum angular deviation (MAD) greater than 15°were rejected from further analysis (Figure 4 ). Following determination of ChRM directions from ! four samples from a site, site-mean ChRM directions were calculated using statistical methods of Fisher [1953] ; sample ChRM directions more than two angular standard deviations from the preliminary site-mean direction were rejected prior to calculation of the final site-mean direction. Site-mean ChRM directions with 95% confidence interval (a 95 ) greater than 25°were rejected for further analysis. Using the same methods, mean paleomagnetic directions were calculated for separate sampled sections and for different parts of the Tula syncline.
[8] During the Late Jurassic to Early Tertiary age interval of the sampled formations, the Apparent Polar Wander Path (APWP) for Asia makes a ''hairpin loop'' [Enkin et al., 1991] . This permits direct comparison of paleomagnetic directions from rocks of different ages to determine relative vertical-axis tectonic rotations. Also vertical-axis rotations with respect to ''stable'' Asia can be accomplished by comparing observed paleomagnetic directions with expected directions computed from the averaged paleomagnetic pole position (latitude, 79.8°N; longitude, 190.2°E; A 95 : 2.3° [ Besse and Courtillot, 2002] . Confidence limits on vertical-axis rotations were determined using the procedures of [Demarest, 1983] . An additional benefit of the hairpin in the APWP is that uncertainties in age of the sampled rocks have little effect on the inferred vertical-axis rotations.
Distributed Sampling
[9] Out of the 64 sites in the initial distributed sampling, results from pilot samples from ten sites in various sedimentary, plutonic, and volcanic rocks could not be interpreted due to poor structural control and/or very low NRM intensity. Samples from the remaining 54 sites in red sedimentary strata were thermally demagnetized. Site-mean ChRM directions could not be determined for 27 sites due to failure of the criteria outlined above. Samples from these sites generally had low NRM intensity (<5 Â 10 À4 A/m), unblocking temperatures below 500°C, and erratic demagnetization behaviors. At these rejected sites, visible calcite was noted in outcrop as well as during microscopic examination of thin sections. Many of these sites were collected from deformed rocks near major faults and from coarsegrained and light-colored sandstones. We attribute these properties to chemical alteration by fluid circulation. Thermal demagnetization of samples from the remaining 27 sites revealed a ChRM component isolated at high unblocking temperatures (typically 640 to 675°C) suggesting that hematite is the NRM carrier. The average MAD for the ChRM component determined by principal component analysis was 6.9°and examples of demagnetization behaviors are illustrated in Figure 4 . Site-mean ChRM directions are listed in Table 1 and two sites with a 95 greater than 25°w
ere rejected from further analysis.
Intensive Sampling
[10] Although coarse-grained and visibly deformed sandstones were avoided, samples from 17 out of the 45 sites from the intensive sampling showed erratic behavior and low NRM intensity. These sites were collected in finegrained layers that often displayed calcite-cemented joints probably resulting from fracturing and fluid circulation concentrated in these beds. For the remaining sites, thermal demagnetization of higher intensity NRM (typically above 5 Â 10 À3 A/m) yielded ChRM components with unblocking temperatures commonly in the 640 to 675°C range suggesting the NRM is carried by hematite. An average of 7.3°was observed for the MAD calculated during principal component analysis. Two sites yielding only three sample ChRM directions (other samples destroyed during sample preparation) were rejected. Site-mean directions for 11 sites from the Kezele Valley and 15 sites from the Yaousere Valley are listed in Table 1 ; one site-mean direction with a 95 greater than 25°was rejected from further analysis.
Field Tests of Paleomagnetic Stability
[11] To test for oroclinal bending of the Tula syncline, we must compare paleomagnetic directions between the two halves of the structure with different trends. The western half of the syncline trends N85°E, while the eastern half trends S55°E (Figure 3 ). Following this change in trend, we divide the paleomagnetic sites into ''western sites'' (41 sites) and ''eastern sites'' (9 sites) as indicated in Table 1 . Field tests of paleomagnetic stability are applied separately to data from the western sites and data from the eastern sites prior to comparing mean paleomagnetic directions between the western and eastern halves of the syncline.
[12] For both the western and eastern areas, site-mean paleomagnetic directions cluster in antipodal normal and reverse polarity directions ( Figure 5 ). The eastern sites pass the fold test of [McFadden, 1990] at 99% confidence (in situ statistics: x = 5.667 and k = 19.1; tilt-corrected statistics: x = 0.027 and k = 39.1; x = 4.849 is 99% confidence limit for N = 9). However, the reversal test of [McFadden and McElhinny, 1990 ] is indeterminate, probably because there are only two reverse polarity sites. Nevertheless, after tilt correction, the antipode of the mean reverse polarity direction is indistinguishable from the mean normal polarity direction.
[13] The western sites pass the reversal test [McFadden and McElhinny, 1990] with C classification (angle between normal polarity mean and antipode of reverse polarity mean = 2.1°; critical angle = 11.8°). The western sites collected during the second field season were from five homoclinal stratigraphic sections, each with a single average tilt correction. We applied the fold test to the five section-mean directions (given in Table 1 ) and the 16 sitemean directions from the distributed sampling that have independent tilt corrections. Using the procedure of [McFadden, 1990] , the western sites pass the fold test at 99% confidence (in situ statistics: x = 8.97 and k = 6.62; tiltcorrected statistics: x = 0.739 and k = 20.54; x = 7.483 is 99% confidence limit for N = 21).
Discussion and Conclusions
[14] When comparing the paleomagnetic directions between the two halves of the Tula syncline, the immediately apparent result is that the observed difference in declinations (13.3°± 8.8°) is far less than the $40°declination difference predicted for oroclinal bending (Figures 2 and 5) . The main conclusion of this study is that the $40°bend of the Tula syncline is not due to oroclinal bending by distributed deformation of the northern Tibetan Plateau. Instead the arcuate shape of the Tula syncline is largely or entirely the original configuration of this structure. Furthermore, comparison of the observed mean paleomagnetic declina- tions from the Tula syncline with the expected declination computed from the Eurasian reference pole indicates the eastern half is rotated clockwise 9.3°± 9.6°and the western portion is rotated counterclockwise 3.7°± 5.5°( Figure 5 ). Neither rotation with respect to the expected declination is significant at 95% confidence, although the clockwise deflection for the eastern half is nearly so. Although our first-order conclusion is that the large ($40°) bend of the Tula syncline in map view is not the result of oroclinal bending, the small (13.3°± 8.8°) difference in paleomagnetic declinations between the two halves of this structure may still be tectonically significant. We speculate that the small clockwise deflection of the eastern half of the Tula syncline is due to transport above an arcuate thrust ramp (Figure 6a ). The threedimensional form of this arcuate thrust ramp is approximately that of a right-stepping oblique ramp with 40°a ngle between the strike of the oblique ramp and the transport direction (Figure 6b ). Analytical and experimental models of deformation within thrust sheets above oblique thrust ramps have been examined by Apotria et al. [1992] and Wilkerson et al. [1992] , respectively.
Although modeled deflections of thrust sheets above oblique ramps depend on ramp cutoff angle and details of the analytical method, predicted deflections are uniformly clockwise and range from $6°to $26°bracketing the observed 13.3°±8.8°clockwise deflection of the eastern half of the Tula syncline relative to the western half of the structure (Figure 6b ).
[15] Similar non-rotated paleomagnetic declinations have been observed in Tertiary sediments in the vicinity of the ATF including the northern Qaidam Basin (Figure 1 [ Dupont-Nivet et al., 2002a] ), the Nan Shan fold-thrust belt and the Altyn Tagh range (see compilation of paleomagnetic declinations given by Dupont-Nivet et al.
[2003]). If shear was distributed away from the fault, systematic counterclockwise rotations increasing with proximity to the fault would be expected [England and Wells, 1991; McKenzie and Jackson, 1983; Nelson and Jones, 1987] . The lack of such rotations along the entire length of the ATF thus indicates that crustal displacements are concentrated on the fault itself with little or no distributed sinistral shear. The major implication of this result is that the ATF is weak relative to the strength of Notes to Table 1. a Definitions are as follows: Sites, site identification; Fm., sampled formation (J, Late Jurassic; K, Cretaceous; P, Paleogene); Lat., Long., latitude and longitude of sampling locality; in situ and tilt corrected site-mean paleomagnetic directions given by I, inclination and D, declination; a 95 , radius of 95% confidence circle of mean direction; k, concentration parameter; n/N, n, number of ChRM directions considered for the mean direction calculation, N, total number of ChRM directions; dip and dip az., mean dip and dip azimuth of bedding attitude. Eastern sites, site-mean results from the eastern portion. Western sites, site-mean results from the western portion. Western sections, section-mean results from western portion.
b Discarded site. In tilt-corrected coordinates, larger gray symbols with 95% confidence ellipse are mean of normal polarity directions compared to the mean of reverse polarity directions. Mean declination (D) and inclination (I) with confidence limit (a 95 ) and number of sites (n) are listed for each case. Upper diagram compares tilt-corrected mean directions from eastern and western halves of the Tula syncline. R ± DR and F ± DF are rotation and flattening with 95% confidence interval derived from observed mean directions minus expected direction calculated from the composite pole for Eurasia [Besse and Courtillot, 2002] . Observed flattening is interpreted to result from a rock magnetic effect during compaction and/or deposition processes as discussed by Dupont-Nivet et al. [2002a , 2002b . surrounding blocks; a key requirement for extrusion tectonics with rigid crustal blocks and strain concentrated on major faults [Avouac and Tapponnier, 1993; Peltzer and Saucier, 1996; Tapponnier et al., 1982] . A corollary of that implication is that strike-slip offset of geologic piercing points across the ATF account for most or all of the displacement between the Tarim Basin and the northern Tibetan Plateau such that contrasting interpretations of Quaternary slip rate along the ATF are probably not the result of strike-slip strain distributed outside the areas examined in those studies [Bendick et al., 2000; Burchfiel et al., 1989; Meriaux et al., 2000; Meyer et al., 1998; Molnar et al., 1987; Peltzer et al., 1989; Washburn et al., 2003] .
[16] A remaining question is the mechanism by which arc-shaped thrust faults south of the ATF are formed. Similar to the San Andreas fault system of central California, the weakness of the ATF implied by our paleomagnetic data requires a reorientation of far field stresses in the vicinity of the fault trace [Zoback, 2000; Zoback et al., 1987] . Shear stresses that are constrained by the frictional strength of the rock away from the fault are not sustained near the weak ATF. The expected swing of compressional direction from a $NNE orientation away from the ATF to a fault-normal orientation near the ATF is consistent with the formation of the observed arc-shaped thrusts (Figure 6a) . To balance the decrease in fault-parallel shear (s yz ), stress equilibrium conditions require an increase of basal shear (s xy ) acting on horizontal décollement layers adjacent to the fault (see appendix). Further derivation of the stress equilibrium equation suggests that the width of the arc-shaped thrust faults (L and l in Figure 6a ) is related to the depth of thrust décollement (D and d in Figure 6a) . A similar pattern is observed in fracture modeling experiments showing that the width of the zone of stress rotation is roughly proportional to the thickness of the fractured layer [Bai and Pollard, 2000; Lawn and Wilshaw, 1975; Pollard and Segall, 1987] . Allowing that these properties are applicable to the ATF, we interpret the tighter curve of the Tula syncline to indicate a shallower décollement within the crust, while the broader arc of the Qimen Tagh thrust system possibly reflects lithospheric scale deformation allowing subduction of Qaidam under Tibet [Chen and Ozalaybey, 1998; Meyer et al., 1998; Tapponnier et al., 1990; Yin and Harrison, 2000] .
Appendix A
[17] We consider the stress equilibrium equation
where s ij are the stress components, b j are body forces per unit volume, and r is the density.
[18] In the coordinate system of Figure 6a (x 1 = x, x 2 = y, x 3 = z), we consider a fault of infinite length in the y direction such that derivatives in y are nil and the y term of the equation simplifies to @s xy =@x þ @s yz =@z ¼ 0: showing predicted marker line deflection as thrust sheet passes over an oblique thrust ramp [Apotria et al., 1992; Wilkerson et al., 1992] .
This expression implies that a decrease of fault-parallel shear (s yz ) is compensated by an increase of basal shear on the décollement layer (s xy ).
[19] Let L be the width of the arcuate structure and D the depth to the décollement. We assume that for a weak ATF, s xy $ 0 at x = 0 (at the fault surface) and increases linearly to s xy = s L xy for x < ÀL (away from the fault). Similarly, we assume linear increase of s yz from s yz = 0 at z = 0 to s zy = s D yz at z = D (at the depth to the décollement). The above expression can then be simplified to:
that is,
The same relationship can be derived for the smaller scale arcuate structure with l (width of arcuate structure) and d (depth to décollement):
Under our linear assumptions, we can express 
where a and b are arbitrary constants.
[20] Substituting (6) and (7) into (4) and dividing (4) by (5) yields L=D ¼ l=d:a=b ðA8Þ This last equation indicates the existence of a scaling relationship between the width of the arcuate structure and the depth to the décollement.
